Xia, "Effect of thermal annealing on ferroelectric domain structures in poly(vinylidene-fluoride-trifluorethylene) Langmuir-Blodgett thin films" (2014 We report a piezo-response force microscopy study of the effect of thermal annealing on ferroelectric domain structures in 6 to 20 monolayer (11 to 36 nm) polycrystalline poly(vinylidene-fluoridetrifluorethylene) thin films prepared using the Langmuir-Blodgett approach. Stripe-shape domains have been created at room temperature and subjected to thermal annealing at progressively higher temperatures up to the ferroelectric Curie temperature T C of approximately 110 C. The static configuration of the domain walls exhibits no appreciable temperature dependence after thermal annealing, with the domain-wall roughness exponent f ranging from 0.4 to 0.5. Above 80 C, we observed spontaneous polarization reversal at randomly scattered local sites in both polarization states. The number of domain nucleation centers increases rapidly as a function of temperature. We compared the thermally driven domain formation in ferroelectric polymers with those observed in ferroelectric oxides and attributed the difference to the distinct mechanisms for domain formation in these two systems. V C 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Ferroelectric poly(vinylidene-fluoride-trifluorethylene) (PVDF-TrFE) are random copolymers composed of long chains of -((-CF 2 -CH 2 -) x -(-CF 2 -CFH-) 1-x ) n -, where the polarization direction depends on the orientation of the constituent -CF 2 -CH 2 -dipoles.
1,2 Compared with the widely studied ferroelectric oxides such as Pb(Zr,Ti) 3 (PZT) and BaTiO 3 , where effects such as the depolarization field significantly compromise ferroelectric instability in ultrathin films, 3 layered films of PVDF-TrFE prepared by LangmuirBlodgett (LB) deposition exhibits stable, two-dimensional (2D) ferroelectricity independent of the film thickness. [4] [5] [6] [7] The ferroelectric polymers also have the distinct advantages of light weight, easy fabrication, mechanical flexibility, and low cost, 1,2 making them a viable material candidate for applications in nonvolatile memories, sensors, and photovoltaic devices. [8] [9] [10] [11] [12] [13] [14] Understanding the nanoscale properties of the ferroelectric domains in polymer thin films, especially in the presence of disorder pinning potential and thermal perturbation, is thus of significant fundamental interests, and is critical for size scaling of the polymer-based ferroelectric device applications. Piezo-response force microscopy (PFM) has proven to be a powerful tool to probe the ferroelectric domain structures and polarization switching dynamics at the nanoscale in ferroelectric polymers. 7, [15] [16] [17] [18] [19] [20] [21] In this work, we report the PFM study of the effect of thermal annealing on ferroelectric domain structures in 6 to 20 monolayer (ML) polycrystalline ferroelectric PVDF-TrFE thin films. Stripe-shape domain structures were written at room temperature and subjected to thermal annealing at progressively higher temperatures up to the ferroelectric Curie temperature T C of approximately 110 C. The static configuration of the domain walls (DWs) does not exhibit appreciable changes in characteristics after thermal annealing, showing an temperature-independent roughness exponent f of 0.4-0.5, which is qualitatively different from what has been observed in ferroelectric oxides. 22 As the samples were annealed at temperatures close to T C , we observed spontaneous polarization reversal in randomly scattered sites for both polarization states, with the number of domain nucleation sites increasing with increasing temperature. We extracted the fraction of the switched area as a function of annealing temperature and discussed the difference in the relevant energy scales for domain formation between ferroelectric polymers and oxides, which can lead to their different responses to thermal annealing.
II. SAMPLE PREPARATION AND EXPERIMENTAL DETAILS
We deposited the copolymer films one nominal ML at a time by LB deposition 5 on SiO 2 -Si substrates, where 5 nm Cr and 50 nm Au were evaporated as the bottom electrode. The thickness of one ML is approximately 1.8 nm. 23 The molar ratio of PVDF:TrFE is 0.75/0.25. Variable-temperature capacitance measurements reveal a peak signal for the dielectric constant under heating at approximately 110 C, corresponding to the ferroelectric to paraelectric phase transition. 2 After being annealed at 135 C in a forced-air oven for 90 min, the films become polycrystalline with average lateral grain sizes of 50 nm. 5, 15 Figure 1 with respect to the surface normal. 18 We worked with films ranging in thickness from 6 to 20 ML (11-36 nm) for the PFM studies. The measurements have been carried out using a Bruker Multimode 8 atomic force microscope (AFM) with low spring constant AFM probes (Bruker SCM-PIC 0.2 N/m).
We created stripe-shape domain structures at room temperature by applying alternating positive and negative bias voltages (10 V-15 V) to the scanning AFM tip. Only the outof-plane polarization is controlled by the bias voltage, while the orientation of the in-plane polarization is disordered among different grains. To image the domain structures, we scanned close to one of the resonant frequencies of the cantilever (170 6 20 kHz) with 1 V excitation voltage. We used sampling intervals of 5-10 nm, which are close to the AFM tip-sample contact area. 7 The samples were heated up to a series of progressively higher temperatures in a muffle oven. At each temperature, the samples were annealed for 45 min. We then thermally quenched the sample to room temperature, by placing it on a large metal plate, to "freeze" the high temperature domain structures. C. As the annealing temperature was further increased, we observed an increasing fraction of the sample exhibiting spontaneous polarization reversal in randomly scattered sites, resulting in a mosaic domain distribution in both the left and right regions that were previously uniformly polarized in the up and down directions. Despite the emerging of a large number of domain nucleation centers, it is interesting to note that the static configuration of the DW between these two regions remain qualitative similar even after the sample was annealed at temperatures close to T C . Similar temperature evolution of domain structures has been observed in films of all thicknesses (Figs. 2(e)-2(g)).
III. RESULTS AND DISCUSSIONS
Theoretically, a ferroic DW can be considered as elastic at a length scale larger than the Larkin length, which is determined by the DW width and the length scale of disorder potential. The static configuration of the DW is determined by the competition between the elastic energy and the disorder pinning potential in the system. [24] [25] [26] The geometric fluctuation of the DWs, also called DW roughness, can be described by the correlation function BðLÞ ¼ h½uðLÞ À uð0Þ 2 i, where u(L) is the perpendicular displacement of the DW at position x ¼ L relative to a flat configuration ( Fig. 3(a) inset), and hÁ Á Ái and Á Á Á represent the thermal and disorder average, respectively. For disorder-or thermal-driven roughening of a DW, one expects the correlation function to exhibit a L-dependence of BðLÞ / L 2f , where f is the DW roughness exponent that can be deduced from the scaling theory. The value of f depends on the dimensionality and disorder type of the system. [24] [25] [26] Figure 3(a) shows the L-dependence of B(L) for 4 DWs on the 15 ML film. For all DWs, B(L) follows well the power law growth at small length scale and then tends to saturate at around 50 nm. This behavior has been observed in all PVDFTrFE films investigated. The lack of L-dependence in B(L) at L > 50 nm implies DW roughening at large length scale becomes uncorrelated. The length scale of saturation is comparable with the polycrystalline grain size. This is consistent with the notion that the polarizations among different crystalline grains are not expected to be correlated. 15 We extracted the DW roughness exponent f based on data taken between L ¼ 10 nm and 50 nm to avoid the artifact due to the AFM tip-sample contact area. Figure 3(b) shows f as a function of the thermal annealing temperature for 8 ML, 15 ML, and 20 ML films up to 100 C. For higher annealing temperatures, it becomes difficult to unambiguously identify the interface between the two regions with different prewritten polarizations. At room temperature, the extracted values of the DW roughness exponents range from 0.4 to 0.5, consistent with previously reported results. 7 For films of all thickness, the values of f show very weak dependence on the thermal annealing temperature, even at temperatures close to T C . Such temperature-independent DW roughness is in sharp contrast with what has been previously reported for ferroelectric PZT thin films, where f increases from 0.26 at room temperature to 0.5 after the samples have been heated close to T C . 22, 27 The change of the roughness exponent in PZT has been attributed to a DW dimensionality crossover from 2D to 1D as the dynamical length scale of the DW grows at elevated temperatures and becomes comparable with the film thickness. 22 Unlike PZT thin films, the LB copolymer films exhibit thickness-independent 2D ferroelectricity, and the DW is intrinsically one-dimensional. 7 Without the complicating effect of dimensionality crossover, the temperature dependence of f in PVDF-TrFE should be solely determined by the competition between the disorder pinning and thermal roughening, which is tuned by temperature.
It has been theoretically predicted that for a 1D DW a roughness exponent of 2/3 is expected in the presence of disorder potential, while thermal fluctuation gives rise to an exponent f T of 1/2. 28 The high temperature roughness exponents extracted from the PVDF-TrFE LB films are close to the theoretical value for thermal roughening. However, at room temperature, DWs in PVDF-TrFE show a roughness exponent of 0.4-0.5, much lower than the value of 2/3 predicted for roughening due to disorder pinning potential for 1D DW. The deroughening of DW has been previously attributed to the presence of correlated disorder due to the randomly oriented in-plane component of the polarization. 7 We believe the weak temperature dependence of f is a consequence of such DW deroughening, since the f value for the deroughened DW is very close to the thermal roughness exponent f T .
We then considered the spontaneous polarization reversal observed following annealing at temperatures above 80 C. We quantified the density of the switched area based on the histograms of the phase response signal of the PFM image. The amplitude signal was not used to extract the areas of the two polarization states, since both polarization states give similar amplitude responses (Figs. 1(c) ). 
FIG. 4.
The histograms of the phase angle extracted from (a) the room temperature as-written domain structure for a 10 ML PVDF-TrFE film, and (b) the same domain structure after thermal annealing at 110 C. The arrows mark the cutoff angle to define the P up and P down states. The 110 C image is shown in Fig. 2(f). (c) The fractions of the switched areas as a function of the thermal annealing temperature on the 10 ML PVDF films. (d) The areal switching fraction at temperatures close to T C as a function of PVDF-TrFE film thickness for both pre-written polarization states. The data for 6 and 8 ML are obtained at 100 C. The data for 10, 15, and 20 ML are obtained at 110 C. At higher temperatures, the interfaces between the pre-written P up and P down regions become difficult to resolve. thermal annealing at 110 C, respectively, on a 10 ML film. In Figure 4(a) , the distribution of the phase angles for the aswritten domain structure peaks at À73 and 107 , corresponding to the up and down polarizations, respectively. We defined the angle midway between these two peaks (17 ) as the cutoff point to distinguish the polarization up (P up ) and down (P down ) states, and converted the image to a binary matrix. The fraction of the switched area is then calculated from the binary matrix. We repeated the same procedure for data from all thermal annealing temperatures. As the temperature is close to T C , there is a larger distribution of phase angles for both polarization states, and the histogram peaks become broader (Fig. 4(b) ). To account for the effect of phase angle distribution on the extracted domain areas, we also processed images at cutoff angles that are shifted by 610 and used the resulting values to determine the error bar for the areal switching fraction. Figure 4(c) shows the calculated areal switching fraction in a (2 lm) 2 area in the 10 ML film for both pre-written polarization states as a function of the thermal annealing temperature T. The polarization reversal starts at approximately 80 C (90 C) for the pre-written P up (P down ) states, and the fraction of switched area quickly reaches 30% (10%) of the whole area. As the temperature further increases, the films are approaching the melting temperature similar to in the annealing process. 5 All the polymer chains are re-organized and the films present a mixed P up and P down domains as in the as-grown state.
It is interesting to note that for both polarization states, the polarization reversal following thermal annealing appears to initiate at randomly distributed sites rather than occurring at the existing domain walls. In addition, while the switched area grows larger with increasing temperature, the number of domain nucleation sites also increases significantly (Fig. 2) . Similar domain switching characteristics have also been observed in spin-coated PVDF-TrFE films, where domain structures are likely to conform to the grains of the nano-crystals. 29, 30 This is very different from the results obtained with PZT thin films, where the domain nucleation occurs predominantly at the DW. 22, 31 This difference in nucleation location may originate from the different mechanisms of ferroelectricity and domain formation processes in these two classes of materials. Polarization in PZT is due to the relative displacement of the cations and oxygen octahedra, and domain formation is a consequence of competition between the short-range lattice elastic energy and the Coulomb energy. 32 The epitaxial strain further enhances the energy barrier for ferroelectric instability, as evident from the strong polarization asymmetry and enhanced Curie temperature observed in epitaxial thin films. 33 Due to the high domain wall energy, the system is trying to minimize the surface-to-volume ratio of domain structures. It is thus preferable to have domain switching initiated at the domain wall to minimize the fraction of domain walls. In contrast, PVDF-TrFE LB films consist of long polymer chains crystallized in an orthorhombic structure, and the inter-chain interaction is van de Waal type. 5 The DW energy is thus highly anisotropic between inter-chain DWs and intra-chain DWs, and the energy involved in forming a DW between different polymer chains is expected to be dominated by the electrostatic energy due to dipole-dipole interaction. In ferroelectric oxide, on the other hand, DW formation requires considerably higher energy cost from lattice elastic energy. 34, 35 Due to the relatively low DW energy in PVDF-TrFE, thermal fluctuation induced polarization switching can be promoted around disorder sites such as grain boundaries, local defects, and compositional disorders.
2,5, 35 The surface height gradient in morphology can also produce enhanced local electric field, which may promote domain switching (Fig. 2(h) ). Similar domain nucleation among individual centers has been observed in PZT small capacitor structures at low bias voltage, where the switching energy is lowered compared to the bulk PZT, 36 or in ultrathin ferroelectric films grown on insulating substrates, as the electrostatic energy dominates due to improper screening. 37 We also observed that there is a slight polarization asymmetry in PVDF-TrFE film for all film thicknesses. Figure 4 (d) plots the areal fraction of polarization reversal as a function of film thickness at temperatures close to T C . The degree of the asymmetry varies, but for the same annealing temperature, the switched area in the pre-written P down region is always lower than that in the pre-written P up region. This implies the P down state is energetically more stable. Similar asymmetry has previously been observed in DW velocity for different polarization orientations in PVDF-TrFE films. 16 This asymmetry is likely due to the difference in the polymer-substrate interactions for the C-H and C-F bonds, which form the molecular dipole. 5 However, the polarization asymmetry is not as strong as in epitaxial PZT, where the polarization is always uniformly polarized in the as-grown state. 22, 33 
IV. CONCLUSIONS
In conclusion, we studied the evolution of ferroelectric domain structures in PVDF-TrFE thin films under thermal annealing at different temperatures. The DW roughness exponent shows weak temperature dependence, while spontaneous polarization reversal in randomly scattered nucleation sites has been observed at temperatures close to T C . Our study provides new insight into the thermal response of polarization in ferroelectric polymers at the nanoscale, which is critical for the technological development of these materials.
